The master clock driving mammalian circadian rhythms is located in the suprachiasmatic nuclei (SCN) of the hypothalamus and entrained by daily light/dark cycles. SCN lesions abolish circadian rhythms of behavior and result in a loss of synchronized circadian rhythms of clock gene expression in peripheral organs (e.g., the liver) and of hormone secretion (e.g., corticosterone). We examined rhythms of behavior, hepatic clock gene expression, and corticosterone secretion in VPAC 2 receptor-null (Vipr2 Ϫ/Ϫ ) mice, which lack a functional SCN clock. Unexpectedly, although Vipr2 Ϫ/Ϫ mice lacked robust circadian rhythms of wheel-running activity and corticosterone secretion, hepatic clock gene expression was strongly rhythmic, but advanced in phase compared with that in wild-type mice. The timing of food availability is thought to be an important entrainment signal for circadian clocks outside the SCN. Vipr2 Ϫ/Ϫ mice consumed food significantly earlier in the 24 h cycle than wild-type mice, consistent with the observed timing of peripheral rhythms of circadian gene expression. When restricted to feeding only during the daytime (RF), mice develop rhythms of activity and of corticosterone secretion in anticipation of feeding time, thought to be driven by a food-entrainable circadian oscillator, located outside the SCN. Under RF, mice of both genotypes developed food-anticipatory rhythms of activity and corticosterone secretion, and hepatic gene expression rhythms also became synchronized to the RF stimulus. Thus, food intake is an effective zeitgeber capable of coordinating circadian rhythms of behavior, peripheral clock gene expression, and hormone secretion, even in the absence of a functional SCN clock.
Introduction
The master clock driving mammalian circadian rhythms resides within the suprachiasmatic nuclei (SCN) of the hypothalamus. However, many peripheral tissues also contain endogenous circadian clocks that are thought to play critical roles in the local control of physiology and metabolism (Balsalobre et al., 1998; Zylka et al., 1998; Damiola et al., 2000; Yamazaki et al., 2000; McNamara et al., 2001; Abe et al., 2002; Yoo et al., 2004) . For example, in the liver, there are circadian rhythms in the expression of genes involved in nutrient metabolism, heme and glutamine biosynthesis, and drug detoxification (Kornmann et al., 2001; Reddy et al., 2006) . The signals that entrain peripheral circadian clocks to the environment are unknown and are the subject of intense current investigation.
If rats and mice, which are nocturnal animals, are fed exclusively during the daytime [restricted feeding (RF)], the phase of circadian gene expression in some peripheral organs such as liver, kidney, heart, and pancreas becomes uncoupled from the SCN master pacemaker (Damiola et al., 2000; Stokkan et al., 2001; Horikawa et al., 2005) . Animals then display two periods of activity in each 24 h, one during the subjective night and another during the day, in anticipation of feeding [food-anticipatory activity (FAA)] (Mistlberger, 1994; Davidson et al., 2003; Dudley et al., 2003; Horikawa et al., 2005) . RF also induces foodanticipatory components of other daily rhythms, including body temperature, plasma corticosterone, and drinking. These feeding-entrained rhythms persist for several days if feedings are omitted. Daily rhythms of FAA and of gastrointestinal and metabolic functions can be entrained by RF in SCN-lesioned rodents. These studies (for review, see Stephan, 2002) have led to the proposal that there is a food-entrainable circadian oscillator (FEO) that drives the increase in locomotor activity in anticipation of scheduled feeding and is distinct from the lightentrainable oscillator in the SCN.
Vasoactive intestinal peptide (VIP), acting through the VPAC 2 receptor (encoded by the Vipr2 gene), plays a pivotal role in the control of circadian activity in the SCN, promoting rhythmicity and synchronizing pacemaking neurons (Aton et al., 2005; Maywood et al., 2006) . Both Vipr2 Ϫ/Ϫ and VIP-deficient mice display a severely disrupted circadian phenotype (Harmar et al., 2002; Colwell et al., 2003) , showing markedly attenuated or abolished behavioral rhythms in constant darkness and running wheel behavior that is determined predominantly by the prevail-ing lighting conditions (masking) rather than by the SCN clock. Unlike most other circadian mutant mice, which have alterations of the clock genes, Vipr2 Ϫ/Ϫ mice have an intact molecular circadian oscillator and are therefore potentially able to sustain rhythms in peripheral organs. In this study, we provide the first characterization of the control of peripheral circadian rhythms in Vipr2 Ϫ/Ϫ mice. There were robust rhythms of clock gene expression in the liver of Vipr2 Ϫ/Ϫ mice; these were phase advanced relative to wild type, consistent with an abnormal timing of food intake. Rhythms of hepatic clock gene expression and foodanticipatory rhythms of activity and corticosterone secretion could be entrained by RF, demonstrating their independence from the SCN.
Materials and Methods

Animals. Adult male mice (wild type or
Vipr2
Ϫ/Ϫ on a C57BL/6J background: 4 -12 months old at the start of study) were housed individually in polycarbonate cages and maintained under controlled conditions of lighting and temperature. For behavioral experiments (see below), the cages were also equipped with running wheels. Powdered diet was provided in custom 60 ml glass jars (Unifab, Kalamazoo, MI). Each jar was covered with a stainless steel lid containing a hole 22 mm in diameter. A stainless steel disc was placed under the lid on top of the diet; the disc contains six circular openings (each 11 mm in diameter) to allow food access while minimizing spillage. The design of the hoppers and the use of powdered diet allowed access to the food but prevented animals from removing and storing excess food in the cage. When the animals were housed in a light/dark (LD) cycle, the lighting schedule was 12 h of bright white light and 12 h of "darkness" of dim red light (Ͻ7 lux at cage level), lights on between 7:00 A.M. and 7:00 P.M. The dim red light was permanently on to facilitate animal care and to enable behavioral studies to be performed during the dark period. DD denotes constant lighting with dim red light. All experimentation was conducted in accordance with the United Kingdom Animals (Scientific Procedures) Act, 1986 .
Food restriction studies. The RF regimen was introduced progressively: food availability was reduced over a 3 d period from 8 to 4 h/d (Marchant and Mistlberger, 1997) . During RF, food hoppers were introduced into the cages daily at zeitgeber time or circadian time 4 (ZT4/CT4) and taken out at ZT8/CT8 (where, by convention, ZT0 is defined as the time of lights on in an LD cycle, and CT0 is time of lights on in the previous LD cycle). Mice had ad libitum access to water throughout all of the experiments. Body weight and food intake were closely monitored during periods of RF, and animals failing to feed or showing a Ͼ20% loss in weight were returned to normal feeding and excluded from the study or humanely killed.
Behavior and feeding studies. Running wheel activity was recorded continuously throughout the experiment. During the ad libitum study, food intake was measured at intervals of 4 h over a 48 h period in both LD and DD conditions. For DD conditions, these measurements were commenced on the second complete circadian cycle (35 h) after transfer to DD, in accordance with our previous studies of activity (Harmar et al., 2002) .
Data analyses. Food intake in the ad libitum and RF studies was calculated from the weight of food hoppers on entering and directly after removing them from the cages. The mean and SEM of the weight of food consumed was calculated for every 4 h period for both wild-type (WT) and Vipr2 Ϫ/Ϫ mice. In a few cases, the animals had spread large amounts of bedding material into the hoppers, which made accurate assessment of food intake impossible. In these cases, the individual animal's food intake during the 4 h period was excluded from calculations of mean and SEM for the period.
Clocklab software (Actimetrics, Wilmette, IL) was used to determine the time of activity onset, least-squares fit of activity onset, total activity indices, and 2 periodograms of each of the animals in both the ad libitum and the RF studies. Circadian gene expression was determined using the cosine wave-fitting algorithm COSOPT (Straume, 2004) , to identify statistically significant rhythms and corresponding phase optima.
Plasma hormone and liver gene expression studies. In a second series of experiments, WT or Vipr2 Ϫ/Ϫ mice were housed individually in LD or DD conditions and either fed ad libitum or entrained to a restricted feeding regimen as described above. Mice were killed rapidly by decapitation at 4 h intervals (at ZT/CT 4, 8, 12, 16, 20, and 24) , and trunk blood was collected into heparinized tubes. The brains (for a separate study) and samples of liver tissue were removed, quickly frozen on dry ice, and subsequently stored at Ϫ80°C until required. Blood samples were centrifuged, and plasma was stored at Ϫ20°C before determination of plasma concentrations of corticosterone by radioimmunoassay (Holmes et al., 1997) . Total RNA was extracted from the liver samples using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. TaqMan reverse transcriptase (RT)-PCR was performed using primers and probes for Per1 (Sangoram et al., 1998) , Per2 (Panda et al., 2002) , Bmal1, and Dbp (Bunger et al., 2000) . Relative mRNA abundance was determined by use of the comparative ␦-CT method using 18S ribosomal RNA as internal control. In situ hybridization was conducted and quantified as described previously (Akhtar et al., 2002) , using tissues from mice killed at 6 h intervals in LD (at ZT 6, 12, 18, and 24) and at 5 h intervals in DD (at CT 0, 5, 10, 15, and 20) . Statistical analysis. The significance of the differences between means was determined by two-way ANOVA followed by Bonferroni's post hoc test or by unpaired Student's t test, as appropriate. p Ͻ 0.05 was considered statistically significant.
Results
Timing of food intake
The wheel-running activity of both wild-type and Vipr2 Ϫ/Ϫ mice housed in a 12 h LD cycle was almost entirely confined to the dark period (99% in wild type and 97% in knock-out), consistent with a strong masking effect of light ( Fig. 1 A-C ). There was a diurnal rhythm of food intake ( Fig. 1 E) , but this was much less tightly confined to the dark period (70% in wild type and 55% in knockout), showing less evidence of masking by light. Vipr2 Ϫ/Ϫ mice consumed food significantly earlier in the 24 h cycle than wildtype mice ( Fig. 1 E, Table 1 ). Two days after transfer into DD, the rhythm of food intake in wild-type animals was similar to that in LD, whereas the knock-out animals' rhythm was advanced by ϳ7 h (Fig. 1 F, Table 1 ).
Circadian rhythmicity of clock gene expression in Vipr2
Ϫ/Ϫ mice There were robust rhythms of clock gene expression in the liver of Vipr2 Ϫ/Ϫ mice ( p Ͻ 0.001) (Fig. 2) . These rhythms were abnormal in phase, consistent with the abnormal phasing of food intake: in Vipr2 Ϫ/Ϫ mice exposed to an LD cycle, the times of peak expression of the clock genes examined (Per1, Per2, Dbp, and Bmal1) were advanced (by 4 -6 h) compared with wild-type mice (Fig. 2 A, C, Table 2 ). Two days after transfer into DD, even greater phase advances (7-11 h) were seen (Fig. 2 B, D , Table 2 ). To determine the generality and extent of this altered peripheral synchronization in Vipr2 Ϫ/Ϫ mice, in situ hybridization was used to examine cycles of expression of the core clock genes Per2, Bmal1, Rev-erb ␣ , and Cry1 and the clock-regulated genes Dbp, Wee1, Pnp, and Nfix in both liver and heart. In both organs, all of these circadian genes were phase advanced in mutant mice under a light/dark cycle (Fig. 3) , and even more so 2 d after transfer into DD (Fig. 4) . In the absence of a competent SCN, therefore, the circadian transcriptional program in the periphery remained functional but underwent a marked phase shift.
The temporal distribution of circadian gene expression was therefore advanced in direct correspondence to the altered rhythms of food intake in Vipr2 Ϫ/Ϫ mice. This showed that Vipr2 Ϫ/Ϫ mice retain some capacity for circadian coordination in the periphery and that feeding-related cues may be important in internal coordination.
Effects of RF on wheel-running activity To test whether an FEO was functional in Vipr2
Ϫ/Ϫ mice, we compared the ability of wild-type and Vipr2 Ϫ/Ϫ mice to entrain to an RF schedule (Fig. 5) . When subjected to 4 h of RF during the light phase of an LD cycle, both wild-type and Vipr2 Ϫ/Ϫ mice developed two daily peaks of wheel-running activity, the first (food-anticipatory activity) during the daytime immediately preceding food presentation and the second at the onset of darkness (Fig. 5A-C) . When transferred to DD, both wild-type and Vipr2 Ϫ/Ϫ mice continued to display daily bouts of foodanticipatory wheel running of increased intensity (Fig. 5 A, B,D) ( p Ͻ 0.05; unpaired Student's t test). There was, however, a marked difference in behavior between the genotypes. Whereas wild-type mice continued to display a second daily bout of activity at the onset of subjective night, consistent with the activity of the SCN circadian clock, Vipr2 Ϫ/Ϫ mice displayed only a single daily peak of activity in anticipation of food presentation (i.e., the SCN-regulated activity bout was not evident). In mice of both genotypes, daily bouts of food-anticipatory activity did not persist when ad libitum access to food was restored. In wild-type animals, circadian bouts of activity at the onset of subjective night continued, again consistent with a functional SCN, whereas Vipr2 Ϫ/Ϫ mice displayed a broad peak of weakly rhythmic activity, with no clear time of onset and with a maximum in the light phase of the previous LD cycle. The timing of this activity was similar to that seen in Vipr2 Ϫ/Ϫ mice that had not been subjected to food restriction. These data show that a functional FEO was retained in the SCN-compromised Vipr2 Ϫ/Ϫ mice.
Effects of RF on hepatic gene expression rhythms
To test the impact of RF on peripheral gene expression, Vipr2
and wild-type mice were entrained to an RF schedule, and liver The phase difference is shown as the phase advance in Vipr2 Ϫ/Ϫ mice.
gene expression rhythms were examined. In WT mice, the time of peak expression of the Per1 gene was coincident with the onset of food presentation (at ZT/CT 4) under both LD and DD conditions (Fig. 5 E, F ) . This same pattern was evident in Vipr2 Ϫ/Ϫ mice: there was no difference between genotypes in the effect of RF on Per1 rhythms in the liver. Dbp showed a similar pattern to
Per1, whereas maximal expression of Per2 and Bmal1 occurred 2 and 12 h later, respectively (data not shown). In contrast to the phase differences seen in mice fed ad libitum, there were no significant differences in the profiles of gene expression of any of the clock genes measured between wild-type and Vipr2 Ϫ/Ϫ mice un- The phase difference is shown as the phase advance in Vipr2 Ϫ/Ϫ mice. der a restricted feeding regimen in either LD or DD conditions. It is therefore evident that the RF was able to coordinate circadian gene expression in the periphery as effectively in Vipr2 Ϫ/Ϫ mice as it does in WT mice and that it can therefore act independently of the SCN.
Circadian rhythms of corticosterone secretion
To obtain a second, independent report on the competence of the FEO, plasma corticosterone levels were assayed in both genotypes under ad libitum and restricted feeding. In agreement with previous reports, there was a significant circadian rhythm of plasma corticosterone ( p Ͻ 0.001) in wild-type mice, with a peak coincident with the onset of the activity period (Fig. 6 A, B) . Unexpectedly, there was no significant rhythmicity in corticosterone secretion in ad libitum fed Vipr2 Ϫ/Ϫ mice, even in conditions (under an LD cycle) in which both behavior and peripheral circadian gene expression were strongly rhythmic, albeit phase advanced in the latter case (Fig. 6 A) . This demonstrates that rhythmic corticosterone secretion is regulated independently of activity/rest cycles: it is not a passive consequence of behavioral activity. Circadian gene expression in the liver (and heart) is not dependent on rhythmic corticosterone secretion.
In RF conditions, the profile of corticosterone secretion was altered in both wildtype and Vipr2 Ϫ/Ϫ mice. In wild-type mice entrained to an RF schedule, in both LD and DD conditions, two daily peaks of glucocorticoid secretion were observed, one resembling that seen in animals fed ad libitum, reaching maximal values just before the day-night transition (or subjective night for DD mice) and the second occurring at the beginning of the period of food availability (Fig. 6C,D) . In contrast, in Vipr2 Ϫ/Ϫ mice in LD, there was just a single peak of corticosterone secretion coincident with the onset of food availability. Moreover, in DD conditions, the plasma corticosterone concentrations of Vipr2 Ϫ/Ϫ mice were high for most of the 24 h period, again reaching a peak immediately before feeding and declining to a minimum at the end of feeding before showing a progressive increase to peak before the next period of food presentation. These data independently confirm the existence of a competent FEO in the Vipr2 Ϫ/Ϫ mice and demonstrate the potency of food-related cues in establishing internal circadian synchrony.
Discussion
Our data show that there is a functional FEO in Vipr2 Ϫ/Ϫ mice. Moreover, they clearly show that under a variety of experimental conditions, the entrainment of the liver circadian clock and the secretion of corticosterone are linked to the timing of feeding and support the hypothesis (Stokkan et al., 2001 ) that the liver and other peripheral oscillators are not directly coupled to the SCN but controlled indirectly, through rhythmic feeding behavior.
In contrast to our findings with Vipr2 Ϫ/Ϫ mice, previous studies in groups of SCN lesioned mice (Hara et al., 2001; Akhtar et al., 2002; Iijima et al., 2002; Terazono et al., 2003; Kudo et al., 2004; Guo et al., 2005) , including two studies performed with a similar lighting protocol to ours (Akhtar et al., 2002; Guo et al., 2005) , have reported a loss of circadian rhythms of clock gene expression in the liver and other peripheral organs. It is not clear that ability of light to suppress activity (masking) was intact after SCN lesion in any of these studies, and in some, the absence of masking by light was used as a criterion for the success of SCN lesion. The role of the SCN in masking of locomotor activity by light is controversial (Redlin and Mrosovsky, 1999; Li et al., 2005) , but it seems that masking is lost in most SCN lesioned mice, either because of collateral damage to extra-SCN pathways required for masking or because an intact (albeit arrhythmic) SCN may be required for the masking response (Hara et al., 2001; Iijima et al., 2002; Terazono et al., 2003; Kudo et al., 2004) . Masking responses to light are preserved when circadian rhythmicity is lost in mice with mutations in core clock genes (Vitaterna et al., 1999; Bunger et al., 2000; Zheng et al., 2001) . In SCN lesioned animals, we would predict that feeding behavior would be arrhythmic, leading to a loss of synchronized rhythms of clock gene expression in peripheral tissues.
A masking response to light was intact in Vipr2 Ϫ/Ϫ mice, so that 97% of the wheel-running activity of Vipr2 Ϫ/Ϫ mice housed in an LD cycle took place in the dark period. Food intake was also rhythmic, although less tightly confined to the dark period. Wheel running and food intake were also significantly rhythmic in the mutant animals 2-3 d after transfer from an LD cycle into DD. In both LD and DD, Vipr2 Ϫ/Ϫ mice consumed food significantly earlier in the 24 h cycle than wild-type mice, and there were corresponding differences in the timing of clock gene expression in the liver. We conclude that there is a functional hierarchy in the control of peripheral circadian rhythms, in which, even in the absence of a functional SCN clock, the daily patterns of activity imposed by an LD cycle are able to maintain feeding cycles and thereby entrain an FEO and rhythms of gene expression in liver and elsewhere. This rhythm persists, at least for a few days, when animals are transferred into constant conditions. It may not be appropriate to use wheel-running behavior as an index of the activity of the FEO (as has been done in many previous studies), because under some conditions, there is dissociation between the timing of feeding and of wheel-running behavior.
Vipr2 Ϫ/Ϫ mice developed food-anticipatory behavior when subjected to a daily RF schedule, further consistent with the presence of an FEO independent of the SCN. SCN lesioned mice (Marchant and Mistlberger, 1997; Hara et al., 2001 ) and homozygous Clock mutant (Clk/Clk) mice Horikawa et al., 2005 ) also display food-anticipatory behavior that persists after temporal feeding cues are removed for several cycles, indicating that the FEO is a circadian timer located outside the SCN and not dependent on a functional Clock gene.
In nocturnal rodents, there is a circadian rhythm of corticosterone secretion from the adrenal cortex, which peaks during the late subjective day. The SCN is thought to drive this rhythm, which is abolished by SCN lesions (Moore and Eichler, 1972; Abe et al., 1979; Filipski et al., 2004) , through neural connections to the corticotrophin-releasing factor and arginine-vasopressin neurons of the paraventricular nuclei of the hypothalamus (Buijs et al., 1993) and probably also through the sympathetic innervation of the adrenal gland (Jasper and Engeland, 1994) . Although the activity of the SCN is the predominant pathway influencing the hypothalamo-pituitary-adrenal (HPA) axis under conditions of ad libitum feeding, which occurs mainly at night, restricted daytime feeding establishes a bimodal temporal pattern of corticosterone secretion in rodents (Krieger, 1974; Honma et al., 1984; Holmes et al., 1997; Balsalobre et al., 2000; Le Minh et al., 2001) . One peak of glucocorticoid secretion resembles that seen in animals fed ad libitum, reaching maximal values just before the light/dark transition and the period of activity. A second peak of glucocorticoid secretion, seen only in animals fed during the day, occurs just before the period of food availability, when the HPA axis is normally quiescent. It is possible that the same mechanism responsible for FAA (the putative FEO) may underlie the anticipatory rise in plasma corticosterone observed in animals entrained to an RF schedule, because this is suppressed by ad libitum feeding but reappears at the phase predicted by the previous RF schedule when animals are fasted (Honma et al., 1996) and can only be entrained by feeding at intervals within the circadian range (Honma et al., 1984) .
Our data on corticosterone are consistent with a model in which the circadian activity of both the SCN and of a separate FEO influences rhythms of hormone secretion. There was no significant rhythmicity in corticosterone secretion in Vipr2 Ϫ/Ϫ mice fed ad libitum, suggesting that circadian rhythms of corticosterone secretion are "hard wired" to the SCN clock and are directly controlled by events downstream of oscillations of clock gene expression in the SCN. Our findings accord with an earlier study (Scarbrough et al., 1996) showing that antisense antagonism of VIP mRNA in the SCN temporarily abolished the circadian rhythm of corticosterone secretion. In both wild-type and Vipr2 Ϫ/Ϫ mice entrained to an RF schedule, a peak of corticosterone secretion preceding the period of food presentation was observed. Thus, Vipr2 Ϫ/Ϫ mice develop anticipatory rhythms of glucocorticoid secretion when entrained to an RF schedule. In Vipr2 Ϫ/Ϫ mice entrained to an RF schedule in DD conditions, plasma concentrations of corticosterone were low immediately after feeding and then increased progressively to reach maximal levels before feeding. The reasons for the hypersecretion of corticosterone under these conditions is not known; additional studies are necessary to examine possible differences in the HPA axis and in stress responses between wild-type and Vipr2 Ϫ/Ϫ mice. We conclude from these studies that (1) the SCN clock is not required for the expression of circadian rhythms in peripheral tissues; (2) Vipr2 Ϫ/Ϫ mice, which lack a robust SCN circadian clock, nevertheless possess food-anticipatory rhythms of behavior and corticosterone secretion, consistent with the presence of an intact FEO; (3) the phasing of the circadian clock in the liver is abnormal in Vipr2 Ϫ/Ϫ mice, probably because their feeding behavior is timed differently from wild-type animals as a conse- quence of the defective SCN clock; (4) the SCN may form part of an anatomical pathway essential for the masking of behavior by light; and (5) the circadian rhythm of corticosterone secretion seen in ad libitum fed animals is driven by the SCN clock. These studies establish that the Vipr2 Ϫ/Ϫ mouse is likely to be an important animal model in which to dissect the mechanisms by which peripheral circadian rhythms are controlled.
